To show the association between the expression level of hsa-miR-210 (miR-210) and tumor progression in prostate cancer (PCa). Methods: Quantitative PCR was performed to measure miR-210 on 55 subjects with different tumor stages; our results were then validated using three external datasets. ANOVA and Tukey's post hoc analysis were performed for comparative analyses between different tumor stages. Using the transcriptome data from The Cancer Genome Atlas for CaP, the gene expression analyses were performed on experimentally validated target genes of miR-210 identified in Tarbase and miRWalk datasets. Results & conclusion: miR-210 was significantly higher in N1 PCa compared with nonmetastatic PCa, whereas the metastatic tumor revealed a lower expression level of miR-210 than the primary tumor.
Prostate cancer (PCa) is one of the most frequently diagnosed cancers and the third leading cause of death from cancer among men worldwide [1] . Current diagnostics, screening and treatment optimization are ineffective to determine PCa with metastasis potential in early stages [2, 3] . Therefore, new biomarkers are required for PCa that inherits the metastasis potential. Hypoxia in cancer seems to be a consequence of the growth of a malignant tumor and may promote tumor development; hypoxic conditions in solid malignancies may further cohere with resistance to conventional therapies and are associated with a poorer prognosis [4] [5] [6] . In PCa, several studies underlined the role of hypoxia in tumor progression and treatment response in CaP [7] [8] [9] [10] .
miRNAs are small (∼22 nucleotide), noncoding RNA molecules involved in post-transcriptional regulation of gene expression acting by translational repression or degradation of targeted transcripts [11] . Specific miRNAs have been found to regulate a variety of critical processes in tumor physiology including the tumor response to hypoxia [12] . miR-210 has been identified to be directly regulated by the hypoxia induced factor (HIF) pathways [5] . miR-210 expression in tissues has further become a robust marker for tumor hypoxia and shown an association with the tumor progression in breast cancers, renal cell carcinoma, head and neck cancers [4] [5] [6] 13, 14] . In Pearson correlation coefficient (PC) specifically, miR-210 has been found overexpressed in tumor tissue [15] , in the blood of a subset of patients with metastasis [16] . However, an association between the expression of miR-210 and disease progression in PCa remains unclear. Therefore, the current study aims to evaluate the association between the expression of miR-210 and the tumor progression in CaP.
Materials & methods
The workflow of the current study consists of four steps to evaluate the association between miR-210 and tumor stages: first, we analyzed the expression levels of miR-210 in different tumor stages to evaluate the expression changes as the tumor progresses. Second, we evaluated the expression changes between metastatic and nonmetastatic CaP.
Third, we compared the expression levels between the primary tumor and the corresponding loco-regional lymph node metastases. For all recent steps, we utilized external datasets to validate our results. Finally, we performed in silico-analyses of genes that are experimentally proven to be associated with miR-210.
Sample acquisition
Eighty-nine formalin fixed paraffin-embedded (FFPE) samples of prostatectomy specimens of 55 patients, who were treated at University Hospital Cologne between 2004 and 2015, were randomly selected based on the tumor stage of PCa to collect samples represent different stages of adenocarcinoma of the prostate. All patients, whose samples were considered for the current study, underwent prostatectomy with extended lymph node dissection and did not receive any neoadjuvant therapy. Seventeen of these specimens had high-grade prostatic intraepithelial neoplasia (HGPIN). Additional three FFPE-tissues of three cases with castration-resistant PCa (CRPC) obtained from the palliative transurethral resection were enrolled in our study. These specimens of primary tumors were divided into six groups by the tumor progression: noncancer involved prostatic tissues (n = 17); HGPIN (n = 20), organ-confined PCa (n = 20); locally advanced PCa (n = 12); lymphogenic metastatic pN1 PCa (n = 20); and CRPC (n = 3). Organ-confined PCa was defined as PCa with pT2 tumor stage and Gleason score ≤7 and prostate-specific antigen (PSA) level <10 ng/ml. PCa with pT3/4 was defined as advanced PCa. pN1 PCa were considered as lymphogenic metastatic PCa. Furthermore, ten lymph nodes having extended metastasis (>70% of the lymph node) and corresponding matched normal tissues were selected from ten different cases of the lymphogenic metastatic PCa group. Lymph nodes with metastases formed the group 'lymph node metastases' and were compared with the corresponding primary tumors.
All cases with HGPIN were reviewed three-times by three different independent, experienced pathologists to avoid the interobserver variability. The regions of interest, including PCa or HGPIN >90%, were marked on H&E slides under microscopic observation by a single pathologist. Informed consent was obtained from all patients, and the regulation of the Helsinki declaration was followed. Ethical approval for analysis of samples and notes was obtained from the local research ethics committee (IBR: 14335).
Isolation of total RNA from paraffin-embedded tissue
Tissue samples were stained by hematoxylin and evaluated for the location of the tumor area by a staff pathologist. Macro-dissection was done with 15 tissue slices of 4-μm thickness. In total, 60-80 μm of paraffin-embedded tissue specimen were used for RNA extraction. The tissue samples were prepared for RNA extraction by mixing for 3 min in 320 μl of deparaffinization solution at 56
• C, with the addition of 240 μl of PKD buffer and 10 μl of proteinase K (Qiagen, Hilden, Germany). miRNA was isolated using miRNeasy FFPE Kit (Qiagen) by following the instructions of the manufacturer. miRNA was eluted with elution buffer and yielded 12 μl of 200-800 ng of miRNA per microliter.
Reverse transcription
A total of 10 ng of total RNA have been reverse-transcribed into cDNA by TaqMan microRNA RT kit (Life Technologies, Darmstadt, Germany), using 3 μl of specific primer miR-210-3p or snoU6-specific microRNA primers, respectively, adding 7 μl Mastermix, and scaling up to 15 μl of RT end volume. RT was performed by following the instruction provided by the manufacturer.
Quantitative real-time PCR
Expression of miR-210-3p and snoU6 was quantified by TaqMan7900HT (Life Technologies), snoU6 expression was used as a calibrator. TaqMan microRNA Assays applied were hsa-miR-210-3p ID000512, and snoU6 ID001973 as an internal control. One microliter containing 1 ng of cDNA was used in each of the 20 μl of real-time PCR assays. Real-time PCR quantification of miR-210-3p was carried out in triplicates by following the recommendation of the manufacturer.
External validation
We selected three publicly accessible datasets (GEO: GSE21036 [17] , ArrayExpress: E-TABM-794 [18] , and The Cancer Genome Atlas-Prostate Adenocarcinoma: TCGA-PRAD). These datasets provide miRNA-expression profiles, the pathologic tumor stage, and the lymph node status for PCa. miRNA reads per million data from TCGA-PRAD were transformed and normalized using the standard score as previously described [19] . Additionally, miRNA ex- pression profiles of lymph node metastasis of PCa were available from datasets 'GSE21036' and 'E-TABM-794'. After quantile normalization and logic transformation of miRNA datasets, we evaluated the expression levels of miR-210 after stratifying the sample collection by lymph node status (N0 vs N1) from 'GSE21036' dataset. The expression levels of miR-210 were further compared between primary tumor and lymph node metastasis using 'E-TABM-794' dataset.
In silico analysis
We evaluated the expression data of 1054 miRNAs from TCGA-PRAD after stratifying the sample collection by lymph node status (N0 vs N1). The evaluation of expression data was done using differential gene expression analysis based on the negative binomial distribution (DESeq2) [20] . In parallel, we used Diana-web tool with Tarbase [21] , miRWalk [22] , Reactome pathway analysis [23] , and cBioPortal [24] to identify and evaluate experimentally validated target genes and pathways related to miR-210. The expression and the copy number variation (CNV) of the targets genes were evaluated in TCGA-PRAD database. The global normalization was performed, and the row counts were transformed as already described by [25] . The somatic CNV of target genes was evaluated using GISTIC as already described elsewhere [25] . The Pearson correlation was employed to evaluate the association between gene expression and miR-210 expression. The Spearman or Pearson correlations were applied to investigate three associations -in other words, between gene expression and tumor progression, gene expression and CNV; as well as between CNV and miR-210 expression. The χ 2 test was used to determine the variation of CNV after stratifying the TCGA samples into organ-confined PCa, advanced PCa and metastatic PCa.
Statistical analysis
The expression level of miR-210-3p was normalized by using the geometric mean of the endogenous control snoU6 and log-transformed. ANOVA and post hoc analysis (Tukey) were performed. All statistical analysis was performed using the R statistical package system (R Foundation for Statistical Computing, Vienna, Austria) and SPSS 23 (IBM, NY, USA). One thousand bootstraps samples were applied to reduce the overfitting and for internal validation. The student's t-test was applied to compare the expression level of miR-210-3p between primary tumor and lymph node metastasis and between N0 and N1 PCa. All the statistical tests were two-sided, and the level of statistical significance was set at p < 0.05. Furthermore, p-values were adjusted using the false discovery rate (FDR) for multiple comparisons.
Results
The specimen characteristic is described in Supplementary Table 1 . The expression level of miR-210-3p was evaluated in normal tissues, HGPIN and tumor tissues at different tumor stages. The ANOVA test and post hoc analysis revealed a significant association between miR-210-3p expression and tumor progression (Table 1 & Figure 1 ). miR-210-3p was significantly upregulated in metastatic PCa and castration-resistant prostate cancer (CRCP) in comparison to organ-confined PCa. However, no significant differences between organ-confined and locally advanced PCa have been observed (FDR = 0.534). Furthermore, no significant differences in miR-210 expression between normal tissue/HGPIN and locally advanced, lymphogenic metastatic PCa or CRPC have been detected. When the population with PCa was divided by the lymph node status, miR-210 was up-regulated in pN1 PCa (log fold change [FC]: 1.52; 95% CI: 1.22-2.07; FDR = 0.01) (Figure 2 ). When the samples were stratified When comparing the expression levels of miR-210-3p between lymph node metastasis and the primary tumor of N1 PCa, miR-210-3p was lower in metastatic tissues compared with that in primary tumors of N1 PCa (FC: 0.55; 95% CI: 0.30-0.60; FDR = 0.004). To see whether the decrease in miR-210 associated with a contamination of normal tissues, we compared the expression level between lymph node metastases and matched normal tissues. Here, we found that miR-210-3p was highly expressed in lymph node metastases compared with matched normal lymph node tissues (FC: 1.39; 95% CI: 1.03-1.64; FDR = 0.04).
Our results were validated by using external datasets. Based on expression analysis of TCGA dataset, we identified that miR-210 was significantly upregulated (FC:1.42; 95% CI: 1.21-6.7; FDR < 0.001) in lymphogenic metastatic disease (n = 75) compared with N0 PCa (n = 254) (Figure 4 ). No significant difference in miR-210 expression was found between organ-confined PCa (n = 17) and locally advanced PCa (n = 237). In addition, we repeated our analysis on cases with organ-confined PCa (n = 51) having a risk of lymph node metastasis lesser than 1% and N1 PCa (n = 5) from the dataset 'GSE21036'; the expression level of miR-210 was higher in N1 PCa compared with organ-confined PCa (FC: 1.11; 95% CI: 1.08-1.14; FDR < 0.001) ( Figure 5 ). Moreover, we considered the external dataset 'E-TABM-794' to validate the expression level of miR-210 in metastatic tissues, which included lymph node metastases (n = 12) and primary tumor of PCa (n = 72). miR-210 was slightly but significantly lower in lymph node metastases in comparison to that in primary tumors (FC: 0.98; 95% CI: 0.96-0.99; FDR = 0.04) ( Figure 6 ).
We have utilized the TCGA dataset to evaluate the expression level of hypoxia-related genes (i.e., HIF1A, HIF3A, CA9, VHL, EGLN1-3, VEGFA, JUN, CREBBP, EP300 and FGFRL1) in different tumor stages (i.e., organconfined, locally advanced PCa and lymphogenic metastatic PCa) (Supplementary Table 2 ). We identified that the expression level of HIF3A, a direct target of miR-210, was inversely correlated with tumor progression 
In silico analysis Identification & gene set enrichment analysis of target genes regulated by miR-210
Supplementary Table 3 lists and describes validated target genes regulated by miR-210. The pathway analysis shows that these genes are involved in the regulation of mitotic cell cycle phase transition, the regulation of cell cycle phase transition, ephrin receptor activity, the activity of transmembrane receptor protein tyrosine kinase, homologous recombination and nonhomologous end-joining.
GSEA analysis reveals that chromatin remodeling, cell cycle, DNA replication, chromosome maintenance and homologous recombination and double-strand break repair were significantly upregulated in N1 PCa in comparison to N0 PCa (Supplementary Table 4 ). Despite that, genes related to glutathione conjugation, peptide chain elongation, metabolism of steroid hormones and vitamins A and D, biological oxidations and platelet calcium homeostasis were significantly enriched in N0 PCa in comparison to N1 PCa. When we focused on pathways and biological processes related to target genes, these biological processes were significantly altered between N1 and N0 PCa ( Table 2 ). The correlation analysis identified possible interactions between target genes and MYC or TP53, which play a role in cell cycle progression, apoptosis and cellular transformation. The interaction of target genes with significantly correlated genes is illustrated in Supplementary Figure 1 .
Copy number variation & expression of target genes
The alteration analysis revealed that 95% of cases with N1 PCa had a genetic alteration (i.e., CNV: 53%, gene expression: 95% and mutation: 6%) of target genes. Contrastingly, 87% of cases with N0 PCa had a genetic alteration (CNV: 41%, gene expression: 79% and mutation 10%). The biological processes were significantly altered between N1 and N0 prostate cancer. Adj.: Adjusted.
The expression level of miR-210 was significantly correlated with genes related to ephrin receptor signaling pathway, positive regulation of IGF receptor signaling pathway, TNF-α/NF-kB signaling pathway, mRNA splicing, chromatin remodeling, chromosome segregation, positive regulation of cell cycle phase transition and Notch signaling pathway (Supplementary Table 4 ). These genes were upregulated in lymphogenic metastasis compared with those in organ-confined PCa. In contrast, the expression level of miR-210 was significantly inversely correlated with genes related to FGF signaling pathway, BDNF signaling pathway, Notch signaling pathway, ERK signaling, and negative regulation of HIF-pathway those were not methylated. These genes were downregulated in lymphogenic metastasis compared with those in organ-confined PCa. Furthermore, we observed an increase in the frequency of CNV with the tumor progression (Table 3) . However, no significant correlation between CNV frequency and miR-210 expression was observed (FDR > 0.05).
Discussion
The current study evaluated the expression of hypoxia-related miR-210 in different tumor stages and precursor of PCa. When we compared the expression level of miR-210 between N0 PCa and N1 PCa, expression of miR-210 was significantly higher in N1 PCa in comparison to N0 PCa. This observation could be confirmed by independent datasets [17, 18] . Interestingly, we identified for the first time the variability of miR-210-3p expression according to tumor progression. Further, the expression level of miR-210-3p was lowest in early-stage organ-confined PCa below the expression level of normal and HGPIN tissues imposing the downregulation of miR-210-3p in early-stage PCa. The reason for downregulation of miR-210-3p in early-stage PCa remains to be elucidated as there is an association between HIF-1/2 and androgen receptor, which is critical for PCa development [26, 27] .
A previous miRNA expression profiling study revealed that miR-210-3p is upregulated in PCa compared with normal tissues [28] . The result of the previous study is contradictory to our results due to the composition of the cohorts of the previous study that included CRCP as miR-210 is upregulated in CRPC. Our results have namely revealed that the expression of miR-210-3p depends on the tumor progression. Therefore, we emphasize the consideration of tumor progression when defining the sample cohort.
Another study found that miR-210 is upregulated in a metastatic PCa xenograft line compared with a nonmetastatic CaP xenograft line derived from one patient [29] , which is also in contradiction to our results presumably due to the xenograft condition. In our study, the expression of miR-210 was two-times lower in metastatic lymph node tissues than in primary metastatic tumors possibly due to co-expression of miR-210 in prostatic stroma or due to the biological conditions of PCa. However, a strong difference between primary tumors and metastatic lymph node tissues could not be seen in an external microarray dataset likely due to differences in experimental and analytical approaches, which are known to alter the experimental results [30] . As a consequence, further investigation is required to verify our assumption under comparable conditions. Recent studies found that hypoxic senescent fibroblasts promote PCa aggressiveness by inducing epithelial to mesenchymal transition (EMT) and by secreting energy-rich compounds to support cancer cell growth [31] [32] [33] . Overexpression of the hypoxia-induced miR-210 in young fibroblasts intensify their senescence-associated features and transforms them into cancer-associated fibroblast-like cells, able to promote cancer cells EMT, to support angiogenesis and to recruit endothelial precursor cells and monocytes/macrophages [33] . Andersen et al. identified that the overexpression of miR-210 in fibroblasts is independently associated with poor survival [34] . Our data reveal that N1 PCa has higher Gleason score than N0 PCa, which is comparable with recent findings [24, 25] . Moreover, we identified an association between miR-210-3p and Gleason score. The structural disbalance between stroma and epithelial components of PCa is getting more obvious for stroma with increasing Gleason score [35] . Interestingly, the expression level of miR-210 was lower in organ-confined prostate tumors than that in normal tissues. However, the expression levels of miR-210 between normal tissues and locally advanced or lymphogenic metastatic PCa were comparable. The expression level of miR-210 was similar between organ-confined PCa and lymph node metastases. These observations presumably depend on the biologic conditions of PCa that dynamically change during the tumor progression (e.g., hypoxia status and the proportion of the epithelial tissue and the stroma in the prostatic tissues).
Our findings imply the role of the hypoxia-related pathway in tumor progression of PCa. Quero et al. identified miR-210 as an interesting marker of chronic hypoxia for PCa [36] . The expression of miR-210 is regulated by HIF-1α [4, 37] . Under normoxic conditions, the expression of miR-210 has been determined at low levels in tissues [12, 37] . Chang et al. emphasized that a positive feedback loop involving miR-210 and HIF-1α is essential for human mesenchymal stem cells' survival under hypoxic conditions [38] . Additionally, miR-210 inhibits the prolyl-hydroxylases or Succinate Dehydrogenase Complex Subunit D (SDHD), which induces the degradation or inhibition of HIF-1α, resulting in enhanced levels and stabilization of HIF-1α [12, 39] . A VHL mutation results in insufficient HIF-1α degradation leading to an increase in HIF-1α levels, and a hypoxic response during normoxic conditions [13, 40] . The presence of elevated miR-210 expression in tissues has become a predictive marker for hypoxia in tumor tissues inclusive PCa [36, 41, 42] .
The TCGA dataset for PCa reveals an inverse correlation between miR-210 and HIF3A, although we did not identify significant changes in HIF-1α levels expression in different tumor stages. HIF3A is known to function as a negative regulator of hypoxia-inducible gene expression [43] and directly regulated by miR-210-3p [44] . Further, HIF3A was inversely correlated with tumor progression (i.e., organ-confined to metastatic disease). These findings underline the possible role of the negative regulators of hypoxia in tumor progression of PCa.
miR-210 overexpression may cause disturbances in the control mechanism of the cell cycle leading to multipolar spindles and excessive amplification of centrosomes presumably due to HIF1-α accumulation [45] . Moreover, Rothe et al. reported that overexpression of miR-210 in breast cancer cell treated with the chemotherapeutic agent Tamoxifen resulted in enhanced cell proliferation and associated with poor prognosis [6] .
Ding et al. revealed that miR-210 promoted ovarian cancer cell mobility by acting as a modulator of EMT [46] . Cells exposed to hypoxic conditions are disposed to genetic instability and increased rates of genetic variation resulting in DNA mismatch repair [47] . Experimental evidence in support of this miR-210-induced effect revealed that tumor cells overexpressing miR-210 exhibited higher levels of double-strand DNA breaks than cells with normal levels of miR-210 [5] .
The FGFR1 is ectopically expressed in PCa cells and associated with metastasis potential of PCa [48] . The TCGA dataset revealed an association between FGFR1 and tumor progression or miR-210 suggesting the importance of interaction between fibroblast cells and PCa cells for tumor progression. Although FGFRL1 was a putative target of miR-210 by high-throughput analyses, an additional epigenetic change would be existed, which should be explained in a further study.
In summary, our study underscores the potential role of miR-210 and hypoxia-related pathways in tumor progression of PCa. The current study includes a unique cohort of patients who underwent extended lymph node dissection during the radical prostatectomy. The extended lymph node dissection yields more frequently positive lymph nodes than the limited lymph node dissection and reduces the risk of false-negative N0 PCa [49] .
Our study has some limitations that warrant mention. First, the heterogeneity of PCa inside the prostate may influence the expression of miR-210-3p. Nevertheless, our results could be validated using an external dataset. We did not perform specific analysis on cancer stroma. Therefore, no direct statement can be made regarding the expression of miR-210 in cancer stroma. The tumor size may have an influence on hypoxia status, and we do believe the tumor stage and aggressiveness measured by lymph node metastasis status and Gleason score represent more the tumor progression than tumor volume as recent works have shown that the predictive value of tumor volume for tumor progression is controversial [50] [51] [52] . Second, most HGPIN foci were distant from the primary tumor. Consequently, it is not feasible to evaluate whether the expression of miR-210-3p differs in HGPIN foci per distance to primary tumors. Third, the sample size is low for certain subgroup. For these reasons, we performed an external validation to verify our results. Further, the effect sizes from some comparison analyses were small to moderate, which should be considered when evaluating our results. Fourth, the external datasets are generated by microarray or sequencing-based techniques, where our data were generated by using qPCR-analyses. This variation in applied techniques leads to the alteration in measurements of miRNA levels and as consequence limits the comparative analyses. The definition of the FC cutoff is a controversial issue in the genomic data analysis. The cutoff for FC is arbitrary defined and may not necessarily represent the upregulation or downregulation of miR-210 over tumor stages. Given the applied analysis methods, the definition of FC should be opted by the kind of the scientific question [53] . Seventh, we did not consider the 5-p arm mature of hsa-miR-210-5p as the 3-p arm mature of hsa-miR-210 is identified to be associated with PCa and in hypoxia [36, 41, 42] . Finally, the current high-throughput miRNA expression data from TCGA and other datasets lack information regarding the expression of both the 5p-arm and 3p-arm mature miRNAs as the miRNA annotations do not include comprehensive 5p-arm/3p-arm feature annotations [54] . Another major limitation of TCGA dataset is the low number of low-risk PCa. Moreover, the completeness of clinical data are moderate, and 165 cases were excluded from our analyses due to missing clinical data (i.e., PSA, Gleason score). For our analyses, we defined organ-confined PCa as PCa with pT2pN0, Gleason score ≤7a (3 + 4) and PSA level <10 ng/ml, which represents the lowest risk for tumor progression. Given this definition, only 17 cases met these criteria. The low number of organ-confined (early-staged) PCa does limit the comparison analysis (17 vs 237 or 75). Therefore, we considered focusing on pathologic N Status for TCGA dataset (254 vs 75), although the TCGA cohort mostly underwent radical prostatectomy and had a clinical lymph node status (cN). cN is less accurate to represent the real N status and harbor a higher risk for lymphogenic metastasis than the pathologic lymph node status in advanced PCa. Moreover, the pathologic N status in the TCGA dataset mostly originated from cases underwent the limited lymph node dissection which is another limitation of the TCGA dataset.
Conclusion
The expression of miR-210 was significantly higher in the primary tumor of PCa with lymph node metastases (N1 PCa) in comparison to that of nonmetastatic PCa. Moreover, miR-210-3p was considerably lower in lymph node metastases compared with primary tumors in the prostate of N1 PCa presumably due to the biological conditions and the proportion of epithelial and stroma parts in PCa. However, further investigation is required to verify this assumption. Our results support the potential role of miR-210 and hypoxia-related pathways in tumor progression of PCa.
Summary points
• hsa-miR-210-3p is recognized as hypoxia marker in tumor tissues.
• Our study underscores the potential role of miR-210 and hypoxia-related pathways in tumor progression of prostate cancer (PCa).
• miR-210-3p was significantly higher in N1 cancer compared with nonmetastatic PCa.
• The lymphogenic metastatic tumors revealed a lower expression level of miR-210 than the primary tumor.
• The expression level of miR-210-3p was lowest in early-stage organ-confined PCa below the expression level of normal and high-grade prostatic intraepithelial neoplasia tissues imposing the downregulation of miR-210-3p in early-stage PCa.
• In silico analyses, we identified that the expression level of HIF3A, a direct target of miR-210, was inversely correlated with tumor progression.
• One reason for the contradictory results of studies on miR-210 in PCa is the dependency of expression of miR-210-3p on the tumor progression.
• Our study underscores the potential role of miR-210 and hypoxia-related pathways in tumor progression of PCa.
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